Group II introns aI1 and aI2 of the yeast mitochondrial COXI gene are mobile elements that encode an intron-specific reverse transcriptase (RT) activity. We show here that the introns of Saccharomyces cerevisiae ID41-6/161 insert site specifically into intronless alleles. The mobility is accompanied by efficient, but highly asymmetric, coconversion of nearby flanking exon sequences. Analysis of mutants shows that the aI2 protein is required for the mobility of both aI1 and aI2. Efficient mobility is dependent on both the RT activity of the aI2-encoded protein and a separate function, a putative DNA endonuclease, that is associated with the Zn 2؉ finger-like region of the intron reading frame. Surprisingly, there appear to be two mobility modes: the major one involves cDNAs reverse transcribed from unspliced precursor RNA; the minor one, observed in two mutants lacking detectable RT activity, appears to involve DNA level recombination. A cis-dominant splicingdefective mutant of aI2 continues to synthesize cDNAs containing the introns but is completely defective in both mobility modes, indicating that the splicing or the structure of the intron is required. Our results demonstrate that the yeast group II intron aI2 is a retroelement that uses novel mobility mechanisms.
Group II introns aI1 and aI2 of the yeast mitochondrial COXI gene are mobile elements that encode an intron-specific reverse transcriptase (RT) activity. We show here that the introns of Saccharomyces cerevisiae ID41-6/161 insert site specifically into intronless alleles. The mobility is accompanied by efficient, but highly asymmetric, coconversion of nearby flanking exon sequences. Analysis of mutants shows that the aI2 protein is required for the mobility of both aI1 and aI2. Efficient mobility is dependent on both the RT activity of the aI2-encoded protein and a separate function, a putative DNA endonuclease, that is associated with the Zn 2؉ finger-like region of the intron reading frame. Surprisingly, there appear to be two mobility modes: the major one involves cDNAs reverse transcribed from unspliced precursor RNA; the minor one, observed in two mutants lacking detectable RT activity, appears to involve DNA level recombination. A cis-dominant splicingdefective mutant of aI2 continues to synthesize cDNAs containing the introns but is completely defective in both mobility modes, indicating that the splicing or the structure of the intron is required. Our results demonstrate that the yeast group II intron aI2 is a retroelement that uses novel mobility mechanisms.
Some group I and group II introns are mobile genetic elements. Mobile group I introns are widespread, being found in organelle, bacteriophage, and nuclear genomes (reviewed in reference 25). The basic mechanism of group I intron mobility, or homing, appears to be the same in all cases examined. Each mobile group I intron encodes a site-specific DNA endonuclease that cleaves intronless alleles, initiating intron movement by a double-strand DNA break gap repair process (47, 53) . As a consequence of this process, there is extensive coconversion of markers flanking the mobile intron, often extending up to 500 bp on either side of the intron insertion site (25) . Neither splicing nor the structure of the intron plays a role in group I intron mobility (4) .
Group II intron mobility appears to be more complex. Several studies indicate that the group II introns 1 and 2 of the yeast mitochondrial COXI gene (aI1 and aI2, respectively) and a cognate of aI2 in the COXI gene of Kluyveromyces lactis mitochondrial DNA (mtDNA) are capable of homing to intronless alleles (27, 32, 45) . The existence of group II twintrons, one intron inserted within another, in Euglena chloroplast DNA suggests that group II introns are also capable of transposing to other genomic locations (8) . Further, certain site-specific deletions in yeast and Podospora mtDNAs appear to result from the transposition of group II introns to new sites, followed by homologous recombination between the two copies of the transposed intron (38, 41) . Finally, a process probably involving reverse transcription of spliced mRNA can lead to the precise excision of introns from yeast mtDNA (12, 28) .
Although little is known about the mechanism of group II intron mobility, a number of group II introns, including aI1 and aI2 of yeast mtDNA, encode proteins having homology to reverse transcriptases (RTs) (10, 33, 34, 50) . Sequence comparisons indicate that the group II intron RTs belong to the same family as those encoded by non-long terminal repeat (non-LTR) retroelements and are most closely related to the RTs encoded by the Neurospora Mauriceville mitochondrial plasmid and bacterial retrons (50) . We have recently shown that ribonucleoprotein (RNP) particles from yeast mitochondria contain an RT activity that is associated with the protein encoded by aI2 (21) . This RT activity has a preference for aI2 sequences as a template and appears to initiate cDNA synthesis at several sites near the 3Ј end of aI2 and nearby in exon 3.
While the activity appears able to reverse transcribe excised intron RNA, it preferentially uses a precursor RNA containing aI2 as a template. The aI1-encoded protein appears to be an active RT in some strains but not others; when it is active, it shows a clear specificity for aI1 as a template (21) .
The group II intron reading frames contain other conserved domains in addition to the RT domain. These include domain P, which resembles the protease domains of retroviruses (31) , and domain Z, a region of unknown function in non-LTR retroelements (10, 31) , both upstream of the RT domain. Two domains downstream of the RT domain are domain X (34), a region that provides a function required for RNA splicing (36) , and domain Zn, a Zn 2ϩ finger-like region at the C terminus of the reading frame (10, 31) . Interestingly, domain Zn has recently been shown to contain sequence motifs characteristic of a family of DNA endonucleases (13, 44) . Like most intron reading frames in yeast mitochondria, the aI1 and aI2 reading frames are translated as extensions of the upstream exons; the resulting precursor is proteolytically processed to yield at least one active protein (36) .
In this work, we show that efficient group II intron mobility requires both the RT activity of the aI2-encoded protein and an additional function associated with domain Zn. Using missense mutants of the aI2 reading frame, we identify a major RT-dependent path for intron movement and infer a minor RT-independent path. Our data show that group II intron mobility differs from group I intron mobility and that group II introns represent a new class of non-LTR retroelement.
MATERIALS AND METHODS
Yeast strains and plasmids. Each Saccharomyces cerevisiae strain is described in terms of its mtDNA and nuclear genome. All of the strains that have aI1 and aI2 are derived from wild-type strain ID41-6/161 (abbreviated 161) (MATa ade1 lys1); some have a different nuclear background as defined in each case. The [rho ϩ ] mtDNA of strain 161 has the seven-intron form of the COXI gene (see Fig. 1A ) and the five-intron form of the COB gene (9, 37) . In this report, we designate which allele of aI1 and aI2 is present in each strain by a convention where a superscript ϩ means that a wild-type intron is present, a superscript 0 means that an intron is absent, and a superscript other than ϩ or 0 means some other allele of the intron defined in the text. Mutants of the mtDNA of strain 161 that were used here are the aI1 mutants C2126 and C1036, the exon 2 mutant C2108, the aI2 mutant C1082, and the exon 3 mutant M44 (14, 36) . A revertant of C1036 in which aI1 was excised from mtDNA is called C1036⌬1 (1  0 2 C1036 ) (21).
The remaining intron-containing COXI alleles are derivatives of strain 161 that were prepared by mitochondrial transformation as described in references 2 and 3. The basic strategy was to construct the desired allele in vitro, transform it into a [rho 0 ] derivative of strain DBY947 (MAT␣ ade2-101 ura3-52) or MCC109 (MAT␣ ade2-101 ura3-52 kar1-1), and transfer it into an otherwise intact mtDNA by recombination. Whenever a new allele was found to be splicing competent by appropriate test crosses, this last step was achieved by mating to a nonreverting COXI mutant derived from mutant C1036 (strain 5B [1, 21] ) and selecting for recombinant progeny that are capable of respiring and growing on glycerolcontaining medium (Gly ϩ ) and contain the transformed COXI allele in place of the 5B allele. All transformed alleles were characterized by restriction fragment patterns and by DNA sequencing.
The 1 0 2 ϩt allele was constructed as follows. (i) aI2 from strain 161 was cloned as a ClaI-to-BamHI fragment (Fig. 1A) into pBLS KS ϩ to yield pJVM4; (ii) pJVM4 was cleaved with ClaI and NdeI (a unique site near the end of the aI2 reading frame) to remove the 5Ј end of the insert; and (iii) an MspI-to-NdeI fragment that contains exons 1 and 2 plus the 5Ј end of aI2 from C1036⌬1 (21) was inserted to yield plasmid pJVM164. The aI2 in that plasmid is identical in sequence to that of the wild-type 1 ϩ 2 ϩ strain 161. pJVM164 was transformed into a [rho 0 ] strain, and the 1 0 2 ϩt allele was placed into an intact mtDNA by recombination as described above. The construction of the 1 ϩt 2 0 allele (previously designated 161-⌬2rec1) was described in reference 21; it contains the same aI1 sequence that is present in the 1 ϩ 2 ϩ strain 161. The constructions of strains having missense mutations in the aI2 reading frame were as follows. The 1 0 2 YAHH allele was made by oligonucleotide-directed mutagenesis of pJVM164 to change aI2 nucleotides (nt) 4125 to 4130 (5) from GAT GAT to CAT CAT (D-491D-492 to HH); all other steps were as noted above for the other strains. The 1 0 2 YAAA allele was made in analogous fashion by changing those same triplets to GCT GCT (D-491D-492 to AA); in addition, T-4124 was changed to A (a silent change of that alanine codon) to form a PvuII site associated with the YAAA mutation. The 1 0 2 I414N allele was made in the same fashion by changing aI2 T-3896 to A in plasmid pJVM164 to convert an ATT codon to AAT (I-414 to N).
A COXI allele with a deletion of domain 5 (D5) of aI2 was constructed as follows. (i) D5 was deleted from plasmid pJVM164 by using a splint oligonucleotide; (ii) a fragment of aI2 that contains the mutation and extends from the EcoRI site near the beginning of aI2 through the BamHI site near the end of intron 3 (Fig. 1A) was cloned into pSB20 (2) to create pJVM167. That plasmid was transformed into a [rho 0 ] derivative of strain DBY947, and mitochondrial transformants were detected by screening for cells that could restore respiration to a COXII-deficient strain, JC3/TF145 (11) . The transformant resulting from that screen was then mated to strain MY375 (MATa kar1-1 ura3-52 his4⌬34 carrying the [rho ϩ ] mtDNA of strain 161; see above), and respiration-deficient (Gly Ϫ ) recombinants (1
) were obtained in the DBY947 nuclear background by screening using test crosses and confirmed by DNA sequencing. C1082rec1 was obtained by mating the same petite transformant to mutant C1082 and selecting Gly ϩ recombinants (see Fig. 3A ) (36) . Strain 947-11B has the nuclear genome of strain DBY947 and the mtDNA of a four-intron (recombinant) COXI allele formed in the cross of Fig. 1 . It was obtained in the following manner: a diploid from the cross found to contain the 6.7-kb ClaI-PvuII restriction fragment (and the 4.4-kb fragment in the HpaIIBamHI digest) was sporulated, and the mtDNA from one of those spores was placed into the DBY947 nuclear background by cytoduction (7) . This strain was used as a donor strain in a cross described in Fig. 2 (35) .
The recipient strains used in all but one of the crosses have the mtDNA of strain GII-0 (49) . That mtDNA has a two-intron form of COXI (Fig. 1A) and a two-intron form of COB (37) . The recipient strains had this mtDNA in either of two nuclear backgrounds, GRF18 (MAT␣ leu2 his3) or 5DSS (MATa ura). In one cross described in Fig. 2 , the recipient strain had the C1036⌬1,2 allele of COXI (with introns 3␣ through 5␥ [37] ) and the nuclear genome of strain 161. A derivative of that recipient allele, called ⌬1,2-E1Bcl, was made by mitochondrial transformation. This allele contains exons 1 to 3 from strain GII-0 plus five site-directed silent mutations in exon 1, one of which, A-102 to G, forms a BclI site in exon 1 68 nt upstream from the beginning of aI1. Several other silent mutations (A-93 to T, G-96 to A, T-97 to A, and C-98 to G) are present in the construction as part of a control for another experiment.
Genetic procedures. Standard media were used throughout this study (43) . Sporulation of diploids was performed as described previously (43) . Some strain constructions used cytoduction (7) . All cell cultures were grown at 30ЊC.
Matings for intron transmission experiments were carried out on solid rich medium containing 2% dextrose. After 10 to 15 h of mating, a sample of the mating mixture containing at least 10 4 diploids was inoculated into a culture tube containing liquid minimal medium with 10% dextrose as the carbon source. After incubation, without shaking for 24 h, an aliquot was inoculated into another culture tube that was incubated for 24 h. These two passages through minimal medium select for mated, diploid cells. An aliquot of the second minimal medium culture was then inoculated into 200 ml of rich 10% dextrose medium and incubated until early stationary phase was reached; at that point, the culture was harvested and used as the source of mtDNA for gel blot experiments. Approximately 30 generations occur during this protocol. A high glucose concentration is present throughout the outgrowth period so that even if a culture enters stationary phase, there is no derepression of mitochondrial function and thus no selection among cells that may differ in the ability to respire. This protocol is essentially the same as was used in our previous studies of group I intron mobility (37, 49) .
Isolation of DNA and RNA. Yeast mtDNA was isolated by using a scaled-up version of the miniprep procedure (43) and was banded in CsCl containing bisbenzimide (16) . The method of Chomczynski and Sacchi (6) was used to prepare cellular RNA from spheroplasts of yeast cells grown on raffinose-containing medium.
Gels and blots. DNA samples were digested with restriction enzymes (Promega and Boehringer Mannheim) noted in the text and were fractionated in 0.7% agarose gels. RNA samples were fractionated on 1.2% agarose gels containing 6% formaldehyde. DNA and RNA blot analysis was done essentially as described by Sambrook et al. (40) . The blots were quantitated with a Molecular Dynamics PhosphorImager.
Probes. The oligonucleotide probes used in this study were 5Ј end labeled with T4 polynucleotide kinase (Boehringer Mannheim), using protocols recommended by the manufacturer. The COXI exon 1 probe contains the sequence from nt Ϫ6 to ϩ15, numbered according to reference 5; the COXI exon 2 probe contains the sequence from nt 2619 to 2638; the COXI exon 4 probe is complementary to the sequence from nt 6754 to 6771; and the COB intron 4 probe contains nt 1309 to 1333 (39) . Antisense probes specific for aI1, aI2, and exon 4 were used in RNA blot experiments referred to in the text.
DNA sequencing and PCR. Sequence analysis of most of the mutants used in this study appears in references 35 and 36. Sequencing was carried out on single-stranded templates (pBLS KSϩ or KSϪ), using a Sequenase kit (U.S. Biochemical). The rare 1 0 2 ϩ nonparental COXI alleles formed in the cross of Fig. 1 were analyzed as follows. The 1.8-kb fragment from a HpaII-BamHI digest such as shown in Fig. 1D was excised from a gel, and the region between exon 1 and intron 2 was amplified by PCR using a biotinylated COXI exon 1 primer (see above) and a primer complementary to a site in aI2, nt 2791 to 2810, in a Perkin-Elmer DNA thermal cycler. The amplified biotinylated DNA strand was purified by using the Dynabead protocol (Dynal) and sequenced by using the aI2 primer.
RT assay. Mitochondria and mtRNP particles were prepared as described in reference 21. RT assays were carried out with 0.025 optical density at 260 nm units of mtRNP particles in 10 l of reaction medium containing 1 g of poly(rA)-oligo(dT) 18 substrate, 1 g of RNase A (Sigma) to digest endogenous RNA substrates, 10 Ci of [␣-32 P]dTTP (3,000 Ci/mmol; New England Nuclear), 100 mM KCl, 2 mM MgCl 2 , 50 mM Tris-HCl (pH 8.5), and 5 mM dithiothreitol. The substrate was prepared by mixing 9 volumes of poly(rA) (1 mg/ml; Sigma) with 1 volume of oligo(dT) 18 (1 mg/ml; DNA Express, Fort Collins, Colo.), boiling for 2 min, and cooling on ice. The reactions were initiated by addition of mtRNP particles. After incubating for 10 min at 37ЊC, 9 l of the reaction mixture was spotted onto DE81 paper (Whatman). The filters were air dried and washed four times with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 5 min each time. After drying, radioactivity was detected by Cerenkov counting in a Beckman LS1801 scintillation counter. Background was determined for each set of reactions by a parallel incubation with a boiled RNP particle preparation.
RESULTS
The group II introns aI1 and aI2 are mobile in crosses. We initially studied group II intron mobility in crosses between strains carrying the COXI alleles diagrammed in introns, aI3␣ and aI4␣. While aI3␣ and aI4␣ are both mobile introns (46, 49), they do not move in this cross because they are present in both parental strains. During this study, it was found that aI5␣ is another mobile group I intron and that its movement is associated with the efficient coconversion of introns aI5␤ and aI5␥ (37, 42) . The mobility of aI5␣ is independent of aI1 and aI2 (37) , and a cross discussed below using a mutant strain blocked for aI5␣ mobility shows that the mobility of aI1 and aI2 is independent of aI5␣ movement. mtDNA was isolated from a large sample of diploid progeny of the cross, digested with restriction enzymes, and analyzed by Southern hybridization as described in Materials and Methods. Alleles of the cytochrome b (COB) gene (COB S and COB L ), distinguishable in HincII digests of mtDNA (9, 37, 52), were used to estimate the input ratio of the parental mitochondrial genomes in the cross. These data show that the cross was essentially unbiased: 45% of the progeny have the COB allele from the 1 ϩ 2 ϩ donor strain, and 55% have the COB allele from the 1 0 2 0 recipient strain (Fig. 1B) . By contrast, the ClaI-PvuII digest (Fig. 1C) shows an extreme distortion of the output of the parental COXI alleles, a hallmark of intron mobility. First, the recipient (1   0   2 0 ) COXI allele, detected as an 11.5-kb fragment, accounts for only 12% of the total instead of 55%, predicted from the output of COB alleles; thus, about 78% of the recipient alleles that entered the cross were not recovered in the progeny. Second, about 15% of the progeny have a nonparental COXI allele (6.7-kb fragment, rec1) resulting from the insertion of aI1 and aI2 into the recipient gene. Third, the output of the 8.5-kb ClaI-PvuII fragment (expected for the 1 ϩ 2 ϩ donor allele) is substantially greater (70%) than is predicted from the output of its associated parental COB allele (45%). This excess of the 8.5-kb ClaI-PvuII fragment reflects both the recovery of progeny with the bona fide donor allele and progeny with a recombinant allele in which insertion of aI1 and aI2 into the recipient COXI gene was accompanied by the independent insertion of the group I intron aI5␣, with coconversion of aI5␤ and -␥.
To measure only the transmission of aI1 and aI2 in this cross, we analyzed an HpaII-BamHI digest by using an exon 1-specific probe ( Fig. 1A and D) . About 16% of the progeny have the 2.5-kb recipient allele, about 71% less than expected on the basis of the COB alleles but in good agreement with the (36) ; mutants C1036 and C2126 are described in reference 36; aI2-⌬D5 is a mutant deleted for domain 5 of aI2; and mutant M44 is described in the legend to Fig. 2 (14, 15) . Also diagrammed are two recombinant forms of the COXI gene predicted to result from group II intron mobility, both of which were found among the progeny of this cross. Rec1 has four introns, aI1, -2, -3␣, and -4␣, and rec2 has three introns, aI2, -3␣, and -4␣. Restriction enzyme cleavage sites: B, BamHI; C, ClaI; H, HpaII; P, PvuII; R, EcoRI. (B to D) Southern blots of mtDNA. The parental strains were mated, and DNA from progeny cells was analyzed as described in Materials and Methods. The output of COB alleles analyzed by using HindII digests is shown (9, 37, 52) . Lanes 1 and 2 show DNAs from the donor (D) and recipient (R) strains, and lane 3 shows DNA from progeny of the cross. Panel C shows the output of COXI alleles analyzed by using the ClaI-PvuII digest. Panel D shows the output of COXI alleles analyzed by using the HpaII-BamHI digest. These blots were quantitated with a Molecular Dynamics PhosphorImager, and the resulting values are reported alongside of lane 3 in panels B to D. This cross has been carried out six times (and six additional times using different nuclear backgrounds [ Fig. 3B , compared with 45% expected from the recovery of the COB alleles; the excess of progeny with the 3.7-kb allele, which was observed in every replicate experiment, is most likely due to insertion of aI1 and aI2 accompanied by coconversion of the upstream HpaII site (see below).
To correlate the findings of the two digests, five independent progeny having the 6.7-kb recombinant ClaI-PvuII allele were isolated and analyzed in detail. Each strain was found to have the 4.4-kb fragment in a HpaII-BamHI digest (see Fig. 3B , lane 9, for one example) resulting from insertion of aI1 and aI2 without coconversion of the upstream HpaII polymorphism. Other digests and sequencing of exons 1, 2, and 3 and adjacent stretches of introns 1, 2, and 3␣ from all five strains confirmed that they have introns 1 through 4␣ and the upstream HpaII site from the recipient allele, as diagrammed in Fig. 1 (see below for further analysis of those DNA sequence data). Thus, the most abundant nonparental allele detected in either digest contains both aI1 and aI2 but is recipient-like in both upstream and downstream flanking sequences.
From these considerations, we conclude that there are, in fact, three kinds of 1 ϩ 2 ϩ progeny that have all seven introns. Most (about 45% of total progeny, as judged from the output of the donor COB allele) have the bona fide donor parental allele. The remaining 25% of the progeny have either of two recombinant, seven-intron alleles that result from the movement of aI1 and aI2 and the independent movement of the downstream introns; some have the HpaII site from the donor gene, due to coconversion (as shown in Fig. 1A ), but the rest have the upstream HpaII site from the recipient gene (not shown in Fig. 1 since neither digest reveals that allele). Other crosses in which the strains contained the same mtDNAs but different nuclear backgrounds gave essentially the same results (see below and reference 35).
Another recombinant allele (rec2), detected as a 1.8-kb fragment in the HpaII-BamHI digest, accounts for about 4% of the total signal in Fig. 1D , lane 3 (see also Fig. 1A and Fig. 3B , lane 3). That fragment was purified from a gel like the one shown in Fig. 1D , and a portion of the fragment was sequenced as described in Materials and Methods. The DNA sequence contains fused exons 1 and 2 followed by intron 2 (35); thus, this minor recombinant species is a 1 0 2 ϩ allele resulting from the movement of aI2, without aI1 or coconversion of the upstream HpaII site. Since we do not detect any of the 4.9-kb fragment that would be expected for a recombinant 1 ϩ 2 0 allele, we conclude that aI1 rarely, if ever, moves in this cross without aI2. The rec2 species is also detected as a faint 14-kb fragment in the ClaI-PvuII digest (Fig. 1C, lane 3) .
In principle, the 6.7-kb nonparental allele detected in the ClaI-PvuII digest could have resulted from a reciprocal crossover within the 3.2 kb of sequence common to both parents (from exon 3 through exon 5␣). If that were the case, however, there should also be an equal amount of a second recombinant allele that contains five introns, aI3␣ through aI5␥ (a 12.5-kb ClaI-PvuII fragment). Also, those nonparental alleles should appear at the expense of both parental alleles. Since our data show that there is just one major nonparental allele in this digest and that only one parental allele, the recipient allele, is depleted in the cross, we conclude that reciprocal recombination between parental mtDNAs plays essentially no role in this phenomenon. Finally, reconstruction experiments with mixtures of isonuclear diploid cells having the parental or recombinant forms of COXI, in combination with the COB alleles used here, showed that the loss of recipient alleles or gain of recombinant alleles is not due to selection for any of the gene combinations present in the progeny of the cross (not shown; see reference 35) .
Group II intron mobility is associated with coconversion of flanking markers. To examine the extent of coconversion associated with the mobility of aI1 and aI2, we analyzed the transmission of silent, strain-specific sequence differences close to the intron insertion sites. These differences include five changes in exon 1, two in exon 2, and one in exon 3 (Fig. 2) . As noted above, we isolated five independent recombinant progeny from the cross, each having the 6.7-kb ClaI-PvuII fragment (Fig. 1A) . DNA sequencing of the exon/intron boundaries showed that each isolate contains aI1 and aI2 inserted at exactly the same locations as in the donor parent, with no duplication or loss of nucleotides flanking the intron insertion sites. As summarized in Fig. 2 , the three sites in exon 1 nearest the intron 1 insertion site (E1c, -d, and -e) coconverted in all five cases, but the more distant upstream sites (E1a and -b) did not coconvert in any case. The E1a site is the HpaII site restriction fragment length polymorphism (RFLP) shown in Fig. 1A . From the data of Fig. 1D , we estimate that the HpaII site coconverts ϳ20% of the time, a frequency too low to be detected here with a sample size of five. Coconversion of both sites in exon 2 occurred in all five cases. The E2a polymorphism affects an AluI site that was also scored by Southern blotting, using an appropriate restriction digest. In that experiment, exon 2 was found to be donor-like in the recombinant alleles (35) . Finally, the exon 3 site (E3a), located only 23 bp In one experiment, five independently isolated progeny strains containing the recombinant 6.7-kb COXI allele detected in ClaI-PvuII digests of mtDNA (see Fig. 1A and C) were characterized. Each recombinant was scored by DNA sequencing at eight sites that distinguish the donor and recipient strains, five in exon 1 (E1a to -e), two in exon 2 (E2a and -b), and one in exon 3 (E3a). The alleles are defined relative to the published sequence of the COXI gene of strain D273-1OB (5) as follows: E1a, a GϩC-rich insertion present at position Ϫ217 in the untranslated leader of the donor strain (also scored as an HpaII site difference in Fig. 1D) ; E1b, a difference in the length of a string of T residues ending at Ϫ56, there being 8 T's in the donor and 6 T's in the recipient; E1c, a silent mutation in which T-150 of the donor is A in the recipient; E1d, a silent mutation in which A-159 in the donor is G in the recipient; E1e, a missense mutation in which T-164 in the donor is A in the recipient, changing Phe to Tyr; E2a, a missense mutation in which T-2627 in the donor is C in the recipient, changing Val to Ala; E2b, a silent mutation in which G-2646 in the donor is A in the recipient; and E3a, a missense mutation in which T-5191 in the donor is A in the recipient, changing Ile to Met. The transmission of each of these polymorphisms is summarized as the proportion of the five recombinants scored that was found to be donor-like (that is, coconverted with the intron). Additionally, the E2a site, which forms an AluI site in exon 2 of the recipient strain, was also scored as an RFLP in progeny mtDNA (see text and reference 35), and essentially all products of intron mobility were found to lack the AluI site, for at least 98% coconversion of the site. The M44 site is a missense mutation (G-5202 to A, Gly to Asp) in exon 3 of a 1 ϩ 2 ϩ donor allele; its transmission was measured as described in the text. The Bcl site is a site-directed, phenotypically silent mutation in exon 1 of a 1 0 2 0 recipient allele (see Materials and Methods); it was assayed as an RFLP.
VOL. 15, 1995 GROUP II INTRON RETROTRANSPOSITION 2831 from the site of aI2 insertion, was coconverted in three of the five cases. This analysis of coconversion associated with group II intron mobility is in good agreement with recent experiments by Lazowska et al. (27) in which a similar, but not identical, set of flanking markers was analyzed. Additional experiments with two other markers provided further information about coconversion associated with aI1 and aI2 mobility. The first marker is M44, a missense mutation in exon 3 of the 1 ϩ 2 ϩ donor strain (Fig. 2) . This mutation blocks the splicing of aI3␣ but has no effect on splicing of aI1 and aI2 (14, 15) 35) , this cross also shows that the mobility of aI1 and aI2 is independent of the mobility of aI5␣.
The second marker is a mutant of the 1 0 2 0 recipient strain in which mitochondrial transformation was used to place a phenotypically silent BclI site in exon 1, 68 bp from the aI1 insertion site. The resulting strain (⌬1,2-E1Bcl) was mated to a 1 ϩ 2 ϩ donor strain (947rec11, which has mtDNA of a rec1 strain isolated from the progeny of the cross in Fig. 1 ), and the cross was analyzed using the same digests as in Fig. 1 . It was found that this BclI site mutation in exon 1 has no effect on the mobility of aI1 and aI2. When the transmission of the BclI site itself was measured (not shown; see reference 35), it was found to coconvert quantitatively (estimated as Ͼ98% in Fig. 2 ). These experiments with the M44 and E1Bcl markers show that the gradient of coconversion associated with group II intron mobility is asymmetric, extending farther in exon 1 than in exon 3.
Intron mobility requires the aI2-encoded protein.
To characterize the role of the intron-encoded proteins in group II intron mobility, we first studied two derivatives of the 1 ϩ 2 ϩ donor strain with mutations in the aI2 reading frame (Fig. 3A) . The first mutant, C2108, has a missense mutation in the RT domain of the aI2 reading frame (Ala-331 to Thr) and a missense mutation in exon 2 which causes a respiration-deficient phenotype (36) . The mutant splices aI1 and aI2 efficiently (36) , but the mobility of both introns is substantially reduced, as judged by the low level of the 4.4-kb recombinant allele (about 4%) and the largely unaffected recovery of the 2.5-kb recipient allele (68%, where 70% was predicted by the output of the COB alleles) (Fig. 3B, lane 4) . We found a spontaneous respiration-competent revertant, C2108rev1, that regained the wild-type sequence in exon 2 but retained the missense mutation in the aI2 reading frame. As shown in Fig. 3B , lane 5, the revertant remains impaired in mobility (44% recipient progeny, where 46% was predicted by the COB alleles). Interestingly, the missense mutation responsible for this mobility defect lies between conserved blocks 2 and 3 of the RT domain in an insertion that is typical of non-LTR retroelements (50) .
To determine whether intron mobility correlates with RT activity, we compared levels of RT activity in mtRNP particle preparations from the wild-type and mutant strains. Our published assay of RT activity, using endogenous RNA templates Fig. 1A , and the output of COXI alleles was measured by using a HpaII-BamHI digest as in Fig. 1D . The outputs of COB alleles, measured as in Fig. 1B , are summarized below lanes 3 to 8 (35) and were used to interpret the transmission of COXI alleles shown. The parental COXI alleles are shown in lanes 1 (donor [D] ) and 2 (recipient [R]); lane 9 is mtDNA from strain 947-11B, which contains the major recombinant COXI allele from the cross in Fig. 1 (rec1, with introns 1 through 4␣ and the upstream HpaII site of the recipient strain). Strains carrying the C2108 and C2108rev1 alleles (COP19 nuclear background [MAT␣ ade1 lys1]) were mated to strain 5DSS carrying the GII-0 (1 0 2 0 ) recipient allele of COXI, and the outputs are shown in lanes 4 and 5, respectively; the control cross for this pair of nuclear genomes is shown in lane 3. Lanes 6 and 7 show the outputs of COXI alleles in crosses between mutants C1082 and C1082recl (161 nuclear background) and a strain carrying the GII-0 recipient allele (GRF18 nuclear background), respectively. A control cross in this nuclear context is shown in Fig. 1D . Lane 8 shows the output of the cross between the donor strain mutant aI2-⌬D5 in the nuclear background of strain DBY947 and the same recipient strain as in lanes 3 to 5. Although the control cross in this nuclear background also has a very unequal output of the parental genomes (87% of progeny have the COB allele of the recipient parent), all four COXI alleles and the distortion of the predicted ratio of the parental alleles observed in the other control crosses are observed. (21) . We have found that RT activity can also be assayed by digesting the endogenous RNA template with RNase A and using the artificial templateprimer substrate poly(rA)-oligo(dT). With this assay, the RT activity in RNP particles from the 1 ϩ 2 ϩ wild-type strain 161 was about 60-fold higher than that in RNP particles from the 1 0 2 0 strain GII-0 (Table 1) . RNP particles from strain C2108revl, however, have only about 10% of the wild-type RT activity (Table 1) . Immunoblots using a polyclonal antibody to a fusion protein containing most of the RT domain of the aI2 reading frame showed that RNP particles from the mutant strain have about the same amount of the 62-kDa aI2-encoded protein as do RNP particles from the wild-type strain (not shown). Thus, we conclude that the Ala-3313Thr mutation in the RT domain of aI2 inhibits both RT activity and mobility.
Analysis of a second mutant, C1082, confirms that the aI2-encoded protein is required for intron mobility. This mutant has five missense mutations in the aI2 reading frame (Fig. 3A) and is blocked for the splicing of aI2 as a result of a maturase deficiency caused by one or both of the missense mutations in domain X (36) . Intron 1 of C1082 has no mutations and splices efficiently. In a cross to the 1 0 2 0 recipient strain (GII-0), C1082 was completely deficient in mobility of aI1 and aI2 (Fig. 3B,  lane 6) . Next, we analyzed a derivative strain, C1082rec1, that retains the first three mutations in the aI2 reading frame but lacks the two domain X mutations (Fig. 3A and reference 36) . C1082recl grows well on glycerol medium and splices aI2 but remains defective in the mobility of both aI1 and aI2 (Fig. 3B,  lane 7) .
Previously we reported that mtRNP particle preparations from mutant C1082 have essentially no RT activity when assayed by using endogenous templates (21) . With the more sensitive artificial template assay, RNP particles from C1082 have about 5% of the wild-type activity and C1082rec1 has no detectable activity (Table 1) . The somewhat higher residual activity in C1082 probably reflects the overexpression of the aI2 protein in that strain due to the aI2 splicing defect (36) . The results for C1082rec1 show that RT activity and mobility are inhibited by one or more of the upstream missense mutations in the aI2 reading frame. We show below that the mutation of the highly conserved Ile-414 in block 4 of the RT domain by itself inhibits both RT activity and mobility.
The properties of the mutant strains described in this section confirm that the RT activity of wild-type strain 161 is encoded by the aI2 intron reading frame. These experiments also show that the RT activity can be inhibited without inhibiting aI2 splicing and that the RT activity of aI2 is important for the mobility of both introns.
A cis-dominant splicing defect of aI2 blocks mobility. Meunier et al. (32) reported that a defect in aI1 splicing in a strain that has both aI1 and aI2 blocks the mobility of both introns. We have also studied splicing-defective mutants of aI1 (C2126 and C1036, both derived from strain 161; Fig. 1A and reference 36) and found that they are mobility defective (35) . However, because we showed above that the aI2-encoded protein is needed for mobility of both introns in our strains, the mobility defect of such mutants could simply reflect that splicing of aI1 is required for the expression of the aI2 reading frame.
As a more direct test of the role of splicing in group II intron mobility, we used mitochondrial transformation to construct a cis-dominant splicing defective mutant of aI2 that expresses the wild-type aI2 protein. The mutant has a deletion of domain 5 of aI2, a structure that is required for splicing and is located downstream of the aI2 reading frame (20, 23) . The resulting strain, carrying the 1 ϩ 2 ⌬D5 allele of the COXI gene, is a nonreverting, respiration-deficient mutant which splices aI1 efficiently but does not splice aI2 (not shown; see reference 35). Analysis of a cross between strains carrying the 1 ϩ 2 ⌬D5 and 1 0 2 0 (GII-0) alleles, using a HpaII-BamHI digest (Fig. 1A) , showed that the ⌬D5 mutation blocks mobility of both introns (Fig. 3B, lane 8) .
As shown in Table 1 , mtRNP particles from the ⌬D5 mutant strain have a level of RT activity comparable to that of a strain with the parental 1 ϩ 2 ϩ COXI gene in the same nuclear background (strain 947). This finding indicates that splicing of aI2 is not required for synthesis of an active RT. The 1 ϩ 2 ⌬D5 strain also has a high level of RT activity in the endogenous templatedependent assay (not shown). While a detailed characterization of the RT activity in this strain will be reported elsewhere (51) , Southern hybridizations show that cDNAs synthesized in RNP particles hybridize most strongly to aI1 but that aI2 sequences in unspliced precursor RNA are also reverse transcribed. These findings indicate that the structure of intron 2, its splicing, or both are required for mobility. By contrast, group I intron mobility is independent of the splicing phenotype or the structural integrity of the intron.
aI2 can move independently of aI1, but aI1 mobility requires aI2. The results above show that the mobility of aI1 is dependent on aI2. To examine this further, we used mitochondrial transformation to construct strains carrying only one or the other intron (1 0 recipient strain, and the crosses were analyzed by using HpaII-BamHI digests, which readily distinguish the parental and predicted recombinant alleles (Fig. 4A  and 5A ). The proportion of the COXI alleles in the progeny of the cross between 1 ϩt 2 0 and 1 0 2 0 and the absence of the predicted recombinant allele show that this allele of aI1 is not mobile (Fig. 4B) a RT assays were carried out with poly(rA)-oligo(dT) 18 substrate as described in Materials and Methods. Activities are expressed as incorporation of [␣- 32 P]dTTP into high-molecular-weight material retained on DEAE-paper, using the exogenous template. Data were corrected for background in each series of assays. Multiple RNP particle preparations were made for each strain, and each preparation was assayed several times. The data for each preparation were averaged, and most values shown are means Ϯ the standard errors of the means; in the two cases in which fewer than three preparations were analyzed, the values shown are means of individual assays Ϯ standard errors. Each strain is defined in terms of nuclear genome and COXI allele (see text).
VOL. 15, 1995 GROUP II INTRON RETROTRANSPOSITION 2833 with our earlier conclusion based on endogenous templatedependent assays (21) . In contrast, the cross between 1 0 2 ϩt and 1 0 2 0 strains (Fig.  5B, lane 3) shows that this allele of aI2 is mobile, independent of the presence of aI1. The 2.5-kb recipient allele is substantially depleted from the progeny and is replaced chiefly by the predicted 1.8-kb recombinant allele. Additionally, there is a slight excess of the 1.25-kb donor-like allele, probably due to some coconversion of the upstream HpaII site. Table 1 shows that the level of RT activity assayed with exogenous template is about the same in mtRNP particles from the 1 0 2 ϩt strain as in the parental 1 ϩ 2 ϩ strain. In addition, endogenous templatedependent RT reactions using mtRNP particles from the 1 0 2 ϩt strain produced 32 P-labeled cDNAs that hybridize most strongly to aI2 (not shown), as was the case with its parental 1 ϩ 2 ϩ strain (21) . Missense mutations of the RT domain of aI2 inhibit mobility. To further examine whether the RT activity of the aI2 protein is required for mobility in crosses in which no aI1-encoded protein is present, we used site-directed mutagenesis and mitochondrial transformation to construct derivatives of the 1 0 2 ϩt strain with missense mutations in the RT domain of aI2. The first mutant contains the mutation Ile-4143Asn in block 4 of the RT domain. That mutation is one of the three present in strain C1082rec1 (Fig. 3A) and was considered likely to cause its mobility defect. The 1 0 2 I414N mutant grows well on glycerol medium and splices aI2 as efficiently as the parental 1 0 2 ϩt strain (not shown). Figure 5B , lane 4, shows that the mutation nearly eliminates aI2 mobility. Table 1 shows that mtRNP particles from that mutant strain have about 3% of the RT activity of control strains. Immunoblots indicate that the 62-kDa aI2-encoded protein is present in mitochondria from this strain but is inefficiently recovered in RNP particle fractions (not shown).
In a second mutant, the highly conserved sequence YADD (amino acids 489 to 492) in block 5 of the RT domain was changed to YAHH. The two aspartate residues are believed to alleles (in the 161 and GRF18 nuclear backgrounds, respectively) were mated and the output analyzed (lane 3), using an HpaII-BamHI digest. The COB output was measured as in the previous crosses ( Fig. 1 and 3) , and the result is summarized below lane 3. D, donor; R, recipient. participate in binding of catalytically important Mg 2ϩ ions at the RT active site (19, 24) , and mutations of those residues in other RTs have been shown to virtually eliminate RT activity (18, 26, 30) . The 1 0 2 YAHH mutant also splices aI2 efficiently and grows well on glycerol medium (not shown). Table 1 shows that mtRNP particle preparations from this mutant have no detectable aI2-encoded RT activity. The small amount of residual incorporation is equivalent to that in strains lacking aI2 (e.g., 1 0 2 0 and 1
; Table 1 ) and is likely due to mtDNA polymerase (51a) . Immunoblot experiments show that RNP particles from the YAHH mutant strain contain approximately the same amount of 62-kDa aI2-encoded protein as do RNP particles from the parental strain (51) . Surprisingly, despite the lack of RT activity assayed in vitro, the YAHH mutant exhibits about 40% residual mobility (Fig. 5B, lane 5) .
Since the other mutants affecting RT activity inhibited mobility nearly completely, it was surprising that the YAHH mutation allowed so much mobility. To confirm this result, we constructed a strain carrying another allele at that site (YAAA). We found that it has exactly the same properties as the YAHH mutant: undetectable RT activity (Table 1) , no splicing defect, and about 60% inhibition of mobility (not shown). Also, since the RT assays are routinely carried out at 37ЊC while the mobility experiments are carried out at 30ЊC, we tested whether the RT activity in the mutant might be temperature sensitive. RNP particle preparations from cultures of the wild-type and YAHH mutant strains were assayed for RT activity at 18, 25, 30, and 37ЊC. At all four temperatures, the control sample had activity while the mutant sample was inactive. Because these mutations alter residues known to be at the active site of RTs, we consider it unlikely that there is significant aI2 RT activity in vivo. Our working hypothesis, therefore, is that these mutations reveal a component of group II intron mobility that is RT independent.
Tbe Zn 2؉ finger-like domain of aI2 is essential for mobility. Evidence that mobility requires a function of the aI2 protein in addition to the RT activity was obtained by analyzing mutant C1036⌬1. This mutant contains a derivative of the 1 0 2
ϩt COXI allele that has a point mutation changing Pro-714 to Thr in the Zn 2ϩ finger-like region of the aI2-encoded protein (Fig. 5A ). RNA blots show that this mutation does not inhibit the splicing of aI2 (36) . The results of crosses between the strain carrying the 1 0 
2
P714T allele and the 1 0 2 0 strain (GII-0) show that the mutation essentially eliminates the mobility of aI2 (Fig. 5B,  lane 6) .
We previously reported that strain C1036⌬1 has about 30-fold-elevated RT activity in the endogenous template-dependent assay (21) . As shown in Table 1 , however, the level of RT activity in this strain assayed with the artificial template-primer substrate is roughly the same as in the wild-type 1 P714T all have approximately the same content of the 62-kDa intron-encoded protein (51); thus, it appears that the RT activity in C1036⌬1 is more active with endogenous template RNAs than is the RT activity in the other strains. We showed previously that the RT activity in mtRNP particles from strain C1036⌬1 is specific for aI2 and that the resulting cDNAs begin near the 3Ј end of aI2 and immediately downstream in exon 3 (21) . The lack of mobility in C1036⌬1 shows that neither its RT activity nor its ability to synthesize these cDNAs in vitro is sufficient for mobility in the absence of an additional function affected by the mutation in domain Zn. Further, because this mutation inhibits mobility completely, it appears that the function of domain Zn is required for both the RT-dependent and RT-independent mobility modes. We note that strain 5Brec1, a previously characterized 1 ϩ 2 ϩ strain that has similarly elevated aI2-specific RT activity in endogenous template assays (21) , has the same mutation in domain Zn and is also completely mobility deficient (35) .
DISCUSSION
This study shows that the group II introns aI1 and aI2 of yeast mtDNA are site-specific mobile elements. In crosses between a 1 ϩ 2 ϩ donor strain and a 1 0 2 0 recipient, the recipient COXI allele is efficiently (ϳ80%) converted to recombinant forms containing both aI1 and aI2. The extent of intron movement is comparable to that observed for mobile group I introns. The insertion of the group II introns does not result in duplication of nucleotides at the insertion site but is accompanied by the efficient coconversion of flanking markers on both sides of the introns. However, unlike group I intron mobility, where the associated coconversion extends over 0.5 kb both 5Ј and 3Ј of the intron insertion site, efficient coconversion associated with the transfer of aI1 and aI2 is limited to fewer than 100 bp in exon 1 and fewer than 23 bp in exon 3. Also, unlike group I intron mobility, the group II intron mobility analyzed here is blocked by a cis-dominant splicing defect of aI2.
The aI2-encoded protein provides at least two mobility functions. We show that group II intron mobility requires the protein encoded by aI2 and that aI2 moves efficiently in crosses in which aI1 is absent. When the donor strain has both aI1 and aI2, both move together in events that are dependent on the aI2-encoded protein. Although another aI1 allele is mobile in the absence of aI2 (27, 32) , the crosses reported here show that the aI1 allele in our strains is not independently mobile. Previously, we showed that mtRNP particles from the 1 ϩt 2 0 strain, containing only that aI1 allele, have no detectable RT activity (21) . In this study, experiments using a more sensitive RT assay show that the 1 ϩt 2 0 strain has less than 2% of the RT activity found in the mobile 1 ϩt strains. This deficiency presumably accounts, at least in part, for the absence of independent mobility. In addition, Lazowska et al. reported that a complex set of strain-specific mutations of the COXI exons of a recipient strain can block aI1 movement (27) . Consequently, it is possible that the exon 1 or 2 polymorphisms used as flanking markers (Fig. 2) contribute to the absence of independent aI1 mobility noted here.
The importance of the aI2-encoded RT for mobility is supported by the properties of five strains that have missense mutations in the RT domain of aI2 (the 1 ϩ 2 ϩ strains C2108rev1 and C1082rec1 and the 1 0 2 ϩ strains carrying the site-directed mutations I414N, YAHH, and YAAA). For all of these mutations, the inhibition of the aI2-encoded RT activity is correlated with inhibition of intron mobility. These data confirm our earlier conclusion that the aI2 reading frame encodes the detected RT activity (21) . Further, since all of those mutants splice aI2 efficiently, it is clear that the RT activity of the aI2-encoded protein is separable from its splicing function. Finally, since this intron mobility is substantially dependent on the aI2-encoded RT activity, we conclude that aI2 is a sitespecific retrotransposon.
Since two mutations in the conserved YADD motif reduced the aI2 RT activity to undetectable levels, it was surprising to find that they both have about 40% residual mobility. Because the YADD motif is part of the active site of RTs (19, 24) and because mutations of this motif in other retroelements also block RT activity (18, 26, 30) , our working hypothesis is that the mobility events observed in crosses with the aI2 RT YADD motif mutants are RT independent. A likely possibility is that this RT-independent mobility involves a DNA-level recombi-VOL. 15, 1995 GROUP II INTRON RETROTRANSPOSITION 2835 nation promoted by an endonuclease activity associated with domain Zn of the aI2 protein (see below). It is unclear to what extent the RT-independent process contributes to the mobility in wild-type crosses. Since the other RT mutants studied here reduce both RT activity and mobility at least 10-fold, either the YADD motif mutations activate this alternative pathway or the other mutations affect both RT activity and an additional intron-encoded mobility function needed for both processes. In this connection, studies of mutant C1036⌬1 showed that, in addition to RT activity, the aI2-encoded protein provides another function essential for mobility. That strain has a missense mutation (P714T) located near the amino-terminal end of domain Zn of aI2. The mutant is defective in mobility but splices aI2 normally and has a wild-type level of RT activity when assayed with an artificial template-primer substrate. The mutant was previously shown to have an elevated endogenous template-dependent RT activity and to synthesize cDNAs beginning near the 3Ј end of aI2 and downstream in exon 3 (21) . Sequence comparisons have led to the hypothesis that the domain Zn function is a DNA endonuclease activity (13, 44) . Our results provide direct evidence that domain Zn is crucial for mobility, and a plausible role for an endonuclease would be integration of cDNAs into recipient COXI genes. Importantly, since the domain Zn mutation reported here inhibits mobility completely, we infer that it affects a function necessary for both RT-dependent and RT-independent mobility events.
The ⌬D5 mutant is defective in splicing aI2 but expresses the wild-type aI2-encoded protein. The mutant has high endogenous template-dependent RT activity and synthesizes some aI2-containing cDNAs from unspliced precursor RNA templates yet is blocked for group II intron mobility. It is possible that this mutation inhibits the synthesis of the proper cDNA species, perhaps because the deletion of D5 alters the binding of the RT to the pre-mRNA so that correct initiations are blocked. Additionally, this intron structural defect could interfere with a DNA level event in the mobility process; for example, a splicing-competent intron RNA may be required for the proposed endonuclease activity, reminiscent of the RNA cofactor required for endonuclease activity of the Bombyx mori R2Bm element RT (29) . In any case, this dependence on splicing or on the structure of the intron differs from group I intron mobility, in which case cis-acting splicing blocks do not interfere with intron mobility.
A model for group II intron retrotransposition. Figure 6 shows our working model for the retrotransposition of these group II introns. In the initial step, the intron-encoded protein binds to RNAs containing aI2 by specifically recognizing sequence or structural features near the 3Ј end of the intron or in the downstream exon. This binding step positions the enzyme for initiation of cDNA synthesis in exon 3, near the 3Ј end of the intron. A cDNA mobility intermediate initiated in exon 3 and extending through the introns into exon 1 readily accounts for the observed gradient of coconversion of flanking exon markers. The inefficient coconversion of the exon 3 markers correlates well with our previous finding that the aI2-encoded RT initiates cDNA synthesis at scattered positions in the 35-nt-long exon 3 (21) . This postulated cDNA intermediate also accounts for our finding that aI1 and aI2 appear to move together in the crosses using 1 ϩ 2 ϩ donor strains, even though this aI1 allele is not mobile by itself. Our finding of progeny with the rec2 allele that results from movement of aI2 without aI1 could reflect the synthesis of shorter cDNAs that contain aI2 and flanking exons but lack some or all of aI1.
Features of this process that remain to be defined include the mechanism of priming of group II intron cDNA synthesis and the mechanism and timing of second-strand synthesis. One possibility is that the group II intron RTs function similarly to the R2Bm element RT, where the primer for minus-strand cDNA synthesis is the 3Ј OH of a nicked DNA strand generated by the endonuclease activity encoded by the element (29) . In this case, target site cleavage would precede initiation of first-strand synthesis. Alternatively, the group II intron RTs may use a priming mechanism similar to those used by the RTs of more closely related retroelements, the Neurospora Mauriceville plasmid, or bacterial retrons. The Mauriceville plasmid RT has been shown to initiate minus-strand cDNA synthesis de novo or by using DNA or RNA primers that are not complementary to the RNA template (22, 48) , whereas bacterial retrons prime by using the 2Ј OH of a specific G residue in the RNA template (17) . In these cases, integration of the cDNA would occur relatively late in the mobility pathway.
Finally, we note that features of site-specific group II intron mobility proposed here could also contribute to the transposition of group II introns to ectopic sites. That process, which occurs in fungal mtDNAs at much lower frequencies than the site-specific events reported here (38, 41) , appears to be initiated by reverse splicing of the excised intron RNA into a site in another mtRNA that contains a sequence resembling the natural intron binding sequence 1. This reverse splicing would generate a recombined RNA that contains the intron and is therefore a preferred template for the intron-encoded RT. Initiation of cDNA synthesis downstream of the intron in un- FIG. 6 . Model for group II intron mobility. The diagram shows a working model for retrotransposition of the group II introns. In the cross shown, the donor strain contains both aI1 and aI2 and the recipient strain lacks both. The first step involves binding the aI2-encoded RT to a COXI pre-mRNA containing both introns 1 and 2. A stem-loop structure is shown in aI2 to indicate that the RNA substrate may have sequence or structural features that are important for binding the RT for initiation of cDNA synthesis. Synthesis of the cDNA mobility intermediates is initiated in the 35-nt-long exon 3 and proceeds through aI2, exon 2, and intron 1 and into exon 1. The cDNAs integrate into the recipient mtDNA either directly or after second-strand synthesis, resulting in the simultaneous insertion into the recipient gene of both introns plus short flanking exon sequences. The last line illustrates the structure of the resulting recombinant 1 ϩ 2 ϩ allele; it shows that both exon 1 and exon 3 are hybrid with sequences adjacent to the intron originating in the donor strain and more distal sequences originating in the recipient (see also Fig. 2) . The aI2-encoded RT is shown as a dimer based on analogy with other RTs (e.g., references 18, 19, and 24).
spliced precursor RNA would lead to synthesis of a hybrid cDNA containing the intron linked to flanking sequences from the ectopic site. While our results suggest that the efficient integration of cDNAs may involve cleavage of a specific target site by an intron-encoded endonuclease, this hybrid cDNA can presumably integrate at the ectopic site in mtDNA by homologous recombination. The intron reading frame mutants characterized here should also be valuable in studying the mechanism of intron movement to ectopic sites.
